Parasitism and other stressors are ubiquitous in nature but their effects on animal behaviour can be difficult to identify. We investigated the effects of nematode parasitism and other indicators of physiological impairment on the sequential complexity of foraging and locomotion behaviour among wild Japanese macaques (Macaca fuscata yakui). We observed all sexually mature individuals (n ¼ 28) in one macaque study group between October 2007 and August 2008, and collected two faecal samples/month/individual (n ¼ 362) for parasitological examination. We used detrended fluctuation analysis (DFA) to investigate long-range autocorrelation in separate, binary sequences of foraging (n ¼ 459) and locomotion (n ¼ 446) behaviour collected via focal sampling. All behavioural sequences exhibited long-range autocorrelation, and linear mixed-effects models suggest that increasing infection with the nodular worm Oesophagostomum aculeatum, clinically impaired health, reproductive activity, ageing and low dominance status were associated with reductions in the complexity of locomotion, and to a lesser extent foraging, behaviour. Furthermore, the sequential complexity of behaviour increased with environmental complexity. We argue that a reduction in complexity in animal behaviour characterizes individuals in impaired or 'stressed' states, and may have consequences if animals cannot cope with heterogeneity in their natural habitats.
INTRODUCTION
Monitoring wildlife health is a critical objective for conservation biologists, and the role of infectious disease is gaining increasing awareness [1] . While infection with microparasites (viruses, bacteria, protozoans) can incur clear, deleterious effects on wildlife host populations, infection by macroparasites (e.g. gastrointestinal helminths) typically occurs in the absence of clinical signs of disease, inducing chronic morbidity rather than mortality [2] . Nonetheless, chronic infections, like other chronic stressors, can impact animal fitness, so detecting their effects at the individual level is paramount to understanding these natural processes [2] . Here, we apply detrended fluctuation analysis (DFA) to determine whether gastrointestinal nematode infection and other signs of physiological impairment negatively impact the behaviour patterns of wild Japanese macaques (Macaca fuscata yakui).
Behavioural health monitoring has long been used to assess animal welfare because it is non-invasive, can assess an animal's condition in situ and can indicate the presence of stressors manifesting in particular behavioural phenotypes [3] [4] [5] . Clinical signs of health impairment, for example, clearly signify an individual's health status, but can be rare or difficult to observe in nature [6, 7] . Without them, few in situ behavioural measures are sensitive enough to detect subtle changes associated with mild or chronic stress [8] . Recently, studies have begun to apply novel analytical tools, such as fractal analysis, to detect these subtle variations in observed behaviour (reviewed in [8, 9] ). Such analyses promise to improve our understanding of animal behaviour and how it may vary with stress and disease.
Fractal analysis, which measures complexity in the ways that structures or processes fill space and time, respectively, has emerged as a powerful tool to distinguish between biological systems operating in normal versus pathological states [10, 11] . Stress and disease, for example, have been found to correspond to reductions in the structural and temporal complexity of many biological systems, including plant branch architecture [12] , lung architecture [13] , heart rate fluctuations [11] and stride rate fluctuations [14] . Complexity, then, is thought to be biologically adaptive because it is error tolerant, allowing organisms to cope with stress and unpredictable environments [15, 16] .
Similarly, fractal analysis has also shown that health impairment among chimpanzees [17] , parasitic mite infection and pregnancy among Spanish ibex [18] , toxic substance exposure among fathead minnows [19] and rats [20] , food stress among domestic chickens [21] and aggressive social interactions among domestic pigs [22] all coincide with reductions in the complexity of animal behaviour, i.e. greater periodicity. Conversely, increases in complexity, i.e. greater stochasticity, have also been observed under certain stress conditions affecting Japanese quail [23] and domestic hens [24] , although such results seem to occur in response to acute or stimulatory challenges, quite apart from the chronic or inhibitory stressors that are associated with reductions in complexity [8] . Regardless of the direction, that fractal analysis can detect differences in behavioural complexity among stressed animals, where traditional, frequency-based measures cannot [8, 18, 22, 23] , makes it a sensitive yet non-invasive measure of animal health worth further consideration.
Most studies examining fractal patterns in behavioural welfare assessment have used DFA, which measures longrange autocorrelation or 'memory' in sequential data [25, 26] . DFA is often used to estimate fractal dimension, but despite its accuracy in measuring long-range memory, DFA can only do so reliably if the original data sequences are Gaussian [27] . Behavioural data rarely fit such assumptions, so we focus on the memory component of sequences as an indicator of sequential complexity in behaviour. The scaling exponent (a) returned by DFA reflects the degree of autocorrelation in each sequence [26] , such that a ¼ 0.5 represents a non-correlated, random sequence (white noise), while a = 0.5 indicates that the sequence displays long-range autocorrelation, i.e. the durations of bouts of activity depend on the history of the sequence. If a , 0.5, the sequence is anti-persistent, in which long bouts are more likely to be followed by short bouts and vice versa. If a . 0.5, the sequence is persistent, wherein long bouts are more likely to be followed by long bouts. Despite the aforementioned limitations of DFA [27] , its scaling exponents will nonetheless be inversely related to fractal dimension [19] , and thus increasing values of a, which correspond to greater periodicity in sequential patterns of behaviour, can be interpreted as reductions in complexity.
Thus, we use DFA to test the prediction that if gastrointestinal nematode parasites pose a challenge to Japanese macaque health, then increasing intensity of infection should coincide with reductions in the complexity of their behaviour. In general, nematode infection can cause intestinal and other tissue pathology, malnutrition, immunosuppression, anaemia and in severe cases death [28] , but although Japanese macaques are infected by five species of such worms [29] , we know little about their impacts on macaque health. We focus on the two most prevalent nematodes infecting our study group, Oesophagostomum aculeatum (Strongylida) and Streptopharagus pigmentatus (Spirurida) [30, 31] . 'Nodular worm' infection (Oesophagostomum spp.) may be a significant disease agent among human and non-human primates [6, 28, 32, 33] , but to our knowledge, there is no evidence of pathology in Streptopharagus spp. infection. These two parasite species may thus differentially impact the health of their macaque hosts [31] .
We construct linear mixed-effects models to examine the a-exponents of behavioural sequences in relation to nematode infection, alongside other endogenous and exogenous sources of variation. We include clinical signs of impaired health and reproduction, which we predict will lead to reduced complexity since they have previously been shown to do so [12, 17, 18] . We also examine individual-level traits, i.e. sex, age and dominance rank, which can affect many aspects of primate behaviour. Ageing itself is physiologically demanding and known to correspond with reductions in complexity in other physiological systems [34, 35] . Dominance rank is also known to relate to social stress [36] , and may thus affect complexity as well. Alone or in synergism, these sources of stress may increase a given animal's allostatic load, i.e. the cumulative effect of all stressors acting on an organic system, thereby altering its ability to interact efficiently with its environment [37] . Finally, heterogeneity in the environment and behavioural modes are thought to strongly affect statistical patterns of animal search (e.g. [38, 39] ), so we examine the effects of seasonality, weather, substrates and resources used and time of day to account for the context surrounding our observations. This is the first study to employ fractal analysis to comprehensively examine sequential complexity in animal behaviour in relation to multiple physiological, individual and ecological variables under natural conditions.
METHODS

Study site and subjects
Yakushima is a mountainous island located 60 km south of Kyushu, Japan (308 N, 1318 E), with an area of 500 km 2 and a low human population density (approx. 14 000). Vegetation ranges from warmtemperate, broadleaf-evergreen forest at sea level to cool-temperate, coniferous forest with increasing altitude. The study site lies within the western coastal forest protected by the prefecture of Kagoshima and by its UNESCO World Natural Heritage status (1993). The mean annual temperature and rainfall are approximately 208C and 3000 mm, respectively. The study group ('Umi'), already well habituated to observer presence, ranged between altitudes of 0 -250 m over approximately 0.7 km 2 (A. J. J. MacIntosh 2009, unpublished data). All adults could be identified reliably based on facial and other physical characteristics, and allowed observers to approach to within 5 m, facilitating direct observation and sample collection. During the study period, the size of the group varied between 59 and 61 individuals, including 18 adult females (5 years old or more), 11-13 adult males (5 years old or more), 20 juveniles (1 -4 years old) and 11 infants (less than 1 year old).
Behavioural data collection
We observed Umi troop for 112 days over eight months during four non-overlapping seasons from October 2007 to August 2008: autumn (11 October -26 November), winter (11 January -21 February), spring (8 April -22 May), summer (7 July -26 August). We conducted focal animal sampling [40] of all sexually mature individuals (5 years or more; n ¼ 28) for a duration of 60 min. We observed focal individuals in a pseudo-random manner at least once per week, selecting visible animals while avoiding repeat samples on the same day and making a concerted effort to distribute samples from each individual over different times of day. We collected 668 focal samples in total, with a mean + s.d. of 23.79 + 6.85 samples per individual (male: 24.7 + 11.23; female: 23.28 + 2.65). Because males at the group's periphery were difficult to observe, our results may be biased somewhat towards highly visible males at the group's centre. However, we account to some extent for this bias by modelling individuals as a random factor in our analyses.
During observations, we continuously recorded whether animals were foraging, locomoting, engaging in social behaviour or at rest, but we analyse only foraging and locomotion behaviour. We define foraging as a process in which an animal is actively engaged in acquiring and ingesting food items, whether stationary or non-stationary, irrespective of spatial displacement. Locomotion is defined as a process whereby an animal is engaged only in moving from one point to another. Social behaviour encompasses all active (e.g. grooming) and passive (e.g. receiving grooming) interactions between individuals, and stationary animals not engaged in foraging or social behaviour were designated at rest. Changes in behaviour occurred only when focal animals engaged in new behaviours for at least 3 s.
We also recorded the health and reproductive state of focal individuals. First, focal animals displaying clinical signs of impaired health on sampling days were labelled 'impaired' [6, 7] . Second, female Japanese macaques, which are strict seasonal breeders, were labelled 'nonreproductive' (all seasons) or 'reproductively active', i.e. oestrus (autumn), pregnant (winter/spring), peripartum (parturition + two weeks; spring) and postpartum (spring/summer). Females were considered in oestrus only during months in which we observed them to mate, consort or display proceptivity (i.e. October and/or November). Pregnant females were identified post hoc after parturition. Males were reproductively active during the autumn and non-reproductive during all other seasons.
Faecal sample collection and analysis
To estimate the intensity of gastrointestinal nematode parasitism of focal animals, we collected two faecal samples per month from each individual wherever possible. We collected 363 faecal samples in total, with a mean of 1.62 + 0.42 samples/individual/month (male: 1.33 + 0.35; female: 1.78 + 0.41). We collected samples in plastic bags immediately after defecation, and none were kept if the animal's identity was not confirmed. We transferred ca 2 g of each sample to 2 ml plastic tubes containing ca 0.75 ml of 10 per cent buffered formalin solution within 8 h of collection. Fixed samples were later transported to and examined at the Kyoto University Primate Research Institute. MacIntosh et al. [31] provide a detailed description of the laboratory protocol used. We quantified parasitic infection by counting all nematode eggs and larvae observed within a McMaster chamber's 0.15 ml grid at 10Â magnification, repeating the count procedure five times per sample and using the mean to estimate the number of eggs per gram of faeces (EPG) in each sample. Hideo Hasegawa of the Department of Infectious Diseases (Biology) in the Faculty of Medicine at Oita University, Japan, confirmed the identity of each parasite species.
Data analysis
2.4.1. Detrended fluctuation analysis. We employed DFA [25, 26] to examine long-range autocorrelation in locomotion and foraging sequences extracted from focal samples using software developed by J. Escos and C. L. Alados (FracSis v. 24 Oct; http://www.ipe.csic.es/ conservacion/Services.html). The analytical protocol for DFA is described in Peng et al. [25, 26] , and its application to behavioural sequences in Alados & Weber [19] and Alados & Huffman [17] , from which the following description is derived.
First, we extracted locomotion and foraging sequences in which the target behaviour comprised at least five separate bouts and 10 per cent of the total sequence of length 2050 s (approx. 34 min), beginning with the target behaviour's first appearance in the sequence. The numbers of sequences that met these criteria for foraging and locomotion behaviour were 459 and 446, respectively. Second, we recoded these behavioural data into binary sequences (z(i)) at 1 s intervals, with 1 denoting the target behaviour and 21 denoting its absence (lag). We then plotted the integrated time series ( y(t)) such that
zðiÞ: ð2:1Þ
We next divided the entire sequence into nonoverlapping boxes of length n, and a least-squares regression line was then fit to the data within each box ( y n (t)). If ŷ n (t) is the regression estimate for y n (t) at each box size n, then the average fluctuation (F(n)) of y n (t) about ŷ n (t) at each box size follows the modified root-mean-square equation
ðynðtÞ ÀŷnðtÞÞ
We repeated this procedure for all time scales (box sizes), which were the nearest integers to 2 Previous studies show that a-exponents (described in §1) of observed behavioural sequences differ significantly from randomized surrogate sequences, which result in a % 0.5 [17, 19] . We randomized 78 foraging and 85 locomotion sequences collected during October and November 2007, and compared the mean a-exponents of 10 simulated sequences with observed sequences using paired t-tests. We then used Pearson correlation tests to determine whether the frequency of behaviour within each sequence affected the resultant a-exponents, because frequency may also have affected the randomization process. To avoid pseudo-replication in these correlations caused by our repeatedly sampling the same individuals, we randomly selected a single pair of observed and randomized sequences from each individual (foraging: n ¼ 23; locomotion: n ¼ 26) and repeated the tests 10 times. Mean values of t and r were used to test significance at a ¼ 0.05.
Statistical models.
We constructed linear mixedeffects models to test the effects of a number of endogenous and exogenous factors on the a-exponents (Gaussian error structure) of Japanese macaque behaviour (table 1) . First, we included three measures of physiological impairment in the model: general health status, reproductive state and estimated parasite intensity (detailed in § §2.2 and 2.3). Because the reproductive state of macaques varies seasonally and by sex, our initial models test whether being reproductively active generally affects a-exponents. We constructed a second pair of models using female data only and separating reproductive activity into its component parts. We determined the relationship between parasitic infection and complexity by incorporating EPG counts of O. aculeatum and S. pigmentatus into the models. Although accurate estimation of parasite intensity among animals in the wild is difficult [41] , monitoring EPG is a common practice in veterinary and human health, and has proved an effective measure of true worm intensity (e.g. [42, 43] ). We excluded sequences collected from individuals for which their state of infection could not be determined within two weeks of behavioural sampling.
Second, individual macaques were separated by three individual-level traits: sex, age and dominance rank. We estimated the age of adult females by examining a combination of physical characteristics, social relationships and the age and number of offspring in the group, and that of adult males through physical characteristics such as body size and condition, and testicular and perianal coloration. We determined the dominance rank order based on all dominance-related interactions observed during the study period (e.g. directed aggressive and submissive signals, displacement and avoidance) among males (n ¼ 97) and females (n ¼ 191) using MATMAN v. 1.1 [44] .
Finally, we handled a number of exogenous factors in our models in one of two ways. First, we clustered observations from each individual into the season during which the observation was made. Second, we included a number of contextual predictor variables in our models, since observations were collected under different ecological conditions and behavioural modes (table 1). We fit all models by maximum likelihood using the nlme package in R statistical software v. 2.9.2 [45] . We controlled individual variation and pseudo-replication by setting identity as a random factor. We first fit random factors (season, identity) into an unconditional means model and estimated the variance components between and within groups by calculating the intraclass correlation coefficient (ICC) with the formula t 00 /(t 00 þ s 2 ), where t 00 and s 2 indicate the between-and within-group or residual variance, respectively [46] . We then added the predictor variables and selected models of best fit (lowest Akaike's information criterion (AIC)) in a step-down process beginning with two-way interactions among predictors. We present only the results of the models that best fit our data.
RESULTS
Sequences of foraging (n ¼ 459) and locomotion (n ¼ 446) behaviour from Japanese macaques on Yakushima Island exhibited long-range autocorrelation, with mean + s.e.m. a-exponents for foraging and locomotion of 1.19 + 0.004 and 1.08 + 0.004, respectively. By contrast, mean a-exponents derived from randomized surrogate data were 0.63 + 0.008 (n ¼ 78) for foraging and 0.54 + 0.002 (n ¼ 85) for locomotion, close to values indicating white noise. There was no overlap between a-exponents of observed versus randomized sequences, and those of the former were significantly higher than those of the latter (foraging:
The high frequency of foraging within most sequences probably caused the randomized sequences to deviate from a ¼ 0.5, because a-exponents were strongly correlated with frequency in both behaviours (foraging: r mean ¼ 0.92, n ¼ 26, p , 0.0001; locomotion: r mean ¼ 0.77, n ¼ 26, p , 0.0001). There was no such linear relationship between frequency and a-exponents in observed sequences (foraging: r mean ¼ 20.06, n ¼ 23, p . 0.7; locomotion: r mean ¼ 0.12, n ¼ 26, p . 0.5). Figure 1 illustrates DFA by examining a-exponents of locomotion sequences extracted from observations of a young adult female on consecutive days in summer, 2008. We observed this female between 11.30 and 17.30 h and collected four focal samples on 18 and 19 July. The female displayed clinical signs of impaired health on day 1 (i.e. lethargy, loss of appetite, diarrhoea, expulsion of S. pigmentatus worms) but no such signs on day 2. For illustrative purposes only, we examined the female's general activity budget over these two periods, which revealed clear differences in three of the four major activities when in impaired versus normal condition, respectively (foraging: 3 versus 33% of observation time; social activity: 4 versus 12%; resting: 65 versus 24%). However, the female's relative amount of locomotion behaviour did not differ between days: 21 and 26 per cent. Conversely, the a-exponents of locomotion sequences clearly differed between days, with mean values of three sequences from day 1 and four sequences from day 2 being 1.21 + 0.07 and 0.96 + 0.03, respectively. Thus, despite a small difference in the quantity of locomotion performed, DFA revealed marked reductions in the quality, i.e. complexity, of locomotion performed. Foraging could not be examined because of its infrequency on day 1.
Health and behavioural complexity
Behavioural sequences collected from impaired individuals totalled 10.7 (n ¼ 49) and 12.8 per cent (n ¼ 57) of foraging and locomotion sequences, respectively. Our models suggest that clinical signs of impaired health are associated with higher a-exponents and thus reduced complexity in both behaviours (table 2 and 
The reproductive state of focal individuals was associated with marked changes in the a-exponents of macaque locomotion but not foraging behaviour; reproductively active individuals exhibited significantly higher a-exponents than non-reproductive individuals during locomotion (table 2). Our second set of models (males removed) shows that the strongest differences were observed between non-oestrus and oestrus females during the autumn mating season (figure 3). We also observed marginally significant differences between non-reproductive and both peripartum and postpartum females during spring and summer (j1.75j . t , j2j). Pregnancy, however, was only weakly associated with increases in the a-exponents of female behavioural sequences (t , j1.5j).
Fluctuating levels of infection with gastrointestinal nematode parasites were also associated with changes in the a-exponents of behaviour (table 2) . According to our models, O. aculeatum EPG was associated positively, if weakly (t , j1.5j), with the a-exponents of foraging sequences, and thus with a reduction in complexity. The relationship between O. aculeatum EPG and locomotion complexity was more complex, with an interaction between infection and age showing that complexity changed from slightly negative among young adults to positive among old adults. The strongest association between O. aculeatum infection and reduced locomotion complexity occurred among aged macaques (figure 4). By contrast, S. pigmentatus EPG tended to be negatively associated with a-exponents in both behaviours, suggesting a trend for complexity to increase with increasing infection intensity. However, the effect of S. pigmentatus infection was also mediated by an interaction between macaque age and EPG, similar to that noted above, such that the relationship changed from negative among young adult macaques to slightly positive among old adult macaques (figure 4).
Individual traits and behavioural complexity
Sequences varied significantly according to the individual that performed them, and the between-individual variance Fractal analysis of primate behaviour A. J. J. MacIntosh et al. 1501 in each of foraging (ICC ¼ 0.086) and locomotion (ICC ¼ 0.093) behaviour represents approximately 9 per cent of the total variance. All of the individual-level traits examined, which can explain this between-individual variance, were associated with changes in the a-exponents of both foraging and locomotion behaviour (table 2). The complexity of sequences of both behaviours decreased with age, and female sequences were more complex than those of males ( figure 5) . However, the models show that the decreases in complexity with age were better explained by interactions with S. pigmentatus (foraging) and O. aculeatum (locomotion), as shown above. Regardless, the difference between the foraging sequences of young adults and adults produced a significant main effect of age, and our locomotion model also detected a tendency for young adults to display more complex behavioural sequences than old adults. Therefore, the main effects of age on complexity cannot be explained entirely through interactions with parasitic infection.
Dominance rank also affected a-exponents for each behaviour. The study group exhibited a strong linear dominance hierarchy within each sex (Landau's linearity index corrected for unknown relationships; male: h 0 ¼ 0.59, p ¼ 0.03; female: h 0 ¼ 0.40, p ¼ 0.003), and our models indicate that high-ranking individuals displayed greater complexity than did low-ranking individuals in both behaviours, with mid-ranking individuals being intermediary (figure 5). However, the locomotion model also indicates an interaction between rank and sex, suggesting that this pattern existed only among females. Among males, locomotion complexity was greatest among low-ranking individuals. This interaction also shows that although male locomotion sequences were generally less complex than those of females, the reverse was true among low-ranking individuals.
Exogenous factors and behavioural complexity
The season during which observations were conducted significantly affected the variance in a-exponents as a random term in our unconditional means model, accounting for 13 and 11 per cent of the variation in foraging (ICC ¼ 0.133) and locomotion (ICC ¼ 0.115), respectively. All exogenous predictors also affected a-exponents to varying degrees, such that behavioural complexity was associated with environmental complexity (table 2 and figure 6 ). First, sequences of both behaviours increased in complexity when it rained. Second, foraging sequences were more complex on the ground, whereas locomotion sequences were more complex in the trees. Third, foraging complexity depended on resource consumption; a-exponents were significantly lower when macaques consumed invertebrates than fruits, seeds or leaves. Furthermore, time of day affected a-exponents in foraging sequences only, which were marginally more complex in the early afternoon ( n o n -r e p r o d u c t i v e p r e g n a n t p e r i p a r t u m p o s t p a r t u m frequency were positively associated with other factors considered simultaneously.
DISCUSSION
In this study, DFA proved a useful tool for measuring qualitative differences between sequences of foraging and locomotion behaviour among wild Japanese macaques. Observed sequences of both behaviours were characterized by fractal-like, long-range autocorrelation. The data generally support the prediction that physiological challenges or stressors incur reduced complexity, or increased periodicity, because nodular worm infection, clinically impaired health, reproductive activity, ageing and low social status were all associated with reductions in the complexity of locomotion, and to a lesser extent foraging, sequences. The complexity with which these behaviours were performed was further influenced by the ecological contexts under which animals were observed. The autocorrelation component of complexity in foraging and locomotion thus arises from factors both endogenous and exogenous to the individual, and observed patterns may be linked to variations in environmental complexity. We argue that fractal analyses such as DFA can help identify behavioural effects of various stressors, can enhance our understanding of the ways in which disease and other stressors can interfere with interactions between animals and their natural environments and can add a new dimension to our understanding of the evolution of animal behaviour.
Our main objective was to investigate whether nematode infection was associated with reductions in the sequential complexity of Japanese macaque behaviour, signifying health impairment and potential fitness costs. Little is known about the impacts of such infections on non-human primates under natural conditions, so we first examined the effects of factors that clearly indicate altered physiological state; clinically impaired health and reproductive activity, both of which were shown to affect behavioural complexity in other study systems. Alados & Huffman [17] found that sequences of social behaviour performed by clinically impaired chimpanzees were less complex than those performed by 'healthy' chimpanzees. Similarly, feeding and vigilance patterns among female Spanish ibex were observed to decrease in complexity when pregnant, and with external lesions and alopecia caused by Sarcoptes scabiei infection [12, 18] . Our data also show reduced complexity in locomotion behaviour among impaired and reproductive individuals, with similar but weak reductions in foraging complexity among impaired, but not reproductive, individuals. DFA thus detected variation in the sequential complexity of behaviours performed by individuals in clearly altered physiological states, particularly in their locomotion patterns.
By extension, then, the reductions in complexity we observed to coincide with O. aculeatum infection may also indicate impairment. Nodular worms can cause significant colonic pathology because juvenile stages encyst and form nodules in the intestinal mucosa during development, which eventually burst to release adult forms of the parasite [28, 32] . Clinical pathology in humans coincides with increasing nodule count, which in turn correlates with periods of peak infection intensity [32, 33] . Furthermore, humans [47] and rhesus macaques [48] are known to mount immune responses to infection, and patterns of infection among the study group suggest that Japanese macaques may do so as well [31] . Immunity is costly in terms of immunopathology, altered nutrient use and energy expenditure (reviewed in [49] ), so infection with O. aculeatum may directly and indirectly impair the health of their macaque hosts. This could explain the positive relationship observed here between infection and behavioural periodicity, particularly in old macaques among which the relationship was strongest for locomotion behaviour, although the mechanisms involved will need to be investigated. By contrast, there is no evidence of either pathology or protective immunity associated with S. pigmentatus infection [31] . Since all stressors discussed above were associated with reductions in complexity, the lack of a similar association with infection by this worm may indicate that it does not impair Japanese macaque health, although the interaction between age and infection in foraging behaviour suggests that this may be the only age group in which slight reductions in complexity, and thus some degree of impairment, may be observed. Infections do appear to be significantly more intense among old macaques [31] , which may explain this interaction, but it is surprising that we observed a positive relationship overall between infection with S. pigmentatus and complexity in both behaviours. Increases in complexity have been observed in animals exposed to certain acute stressors [23, 24] , but it is difficult to imagine a mechanism by which nematode infection could lead to similar results. Alternatively, because S. pigmentatus requires an intermediate host to complete its life cycle, if more complex foragers are better at locating such intermediate hosts, or if certain individuals simply forage more often than others on ground-dwelling insects, which we show to be a more complex process than foraging on other items (see below), their risks for worm recruitment should be higher as well. This can only be clarified by further investigating patterns of intermediate host consumption in wild macaques, which currently remains poorly understood.
Our analyses suggest that O. aculeatum infection may pose a greater health risk to wild Japanese macaques, particularly older individuals, than infection with S. pigmentatus, but there are at least two important confounds warranting discussion. First, estimating parasite infection intensity through EPG may not be a reliable indication of true infection [41] . Despite that, other studies have found linear relationships between these variables (e.g. [42, 43] ), including nodular worm infection in humans (based on larval cultures [32, 33] ), and this will need to be quantified in our system. Second, infection with parasites regulated by host immunity can also increase via the immunosuppressive effects of stress or reproductive hormones [50] . There is some evidence that higher levels of circulating glucocorticoids may relate to reductions in behavioural complexity [22, 51] , so this potential confound will require further investigation. However, that both stress and infection fluctuate within individuals, and that most of the overall variance in our models occurred within as opposed to between individuals, casts doubt on the possibility that these relationships were caused by some other confounding, individual-level trait (i.e. poorer quality).
Still, we did observe synergistic impacts of factors at different levels on behavioural complexity, such as the interaction between parasitic infection and macaque age. The ageing process is generally associated with an accumulation of challenges, and complexity in other physiological processes is known to break down with age [34, 35] . It seems highly plausible, then, that infection would have a larger effect on older individuals, as seen here. It may be useful to conceptualize the effects of accumulating challenges through 'allostasis', literally stability through change [37] . When the allostatic load, i.e. accumulation of stressors acting in concert, exceeds a physiological system's ability to cope, allostatic overload occurs and its operation becomes pathological as it enters an allostatic or stressed state [37] .
In our study, individuals with clinically impaired health, reproductive activity, increased O. aculeatum infection and advanced age can be characterized as being in an allostatic state, shown here to correspond to varying degrees of behavioural complexity loss. Reproduction may provide a particularly good example of this, being an energy-intensive process associated with physical strain, increased metabolic rate and heightened levels of circulating stress and reproductive hormones in both males and females [52] . The Japanese macaque mating season is characterized by intense intermale competition, with both sexes likely to experience high levels of circulating stress hormones. Aggression and physical injury occurred most commonly during this season (A. J. J. MacIntosh 2009, unpublished data), which also coincided with the lowest overall levels of complexity in both behaviours. Similarly, not only is parturition a physically demanding process for females, glucocorticoid levels among female Japanese macaques are highest during the peripartum period as well [53] . It is thus unsurprising that females showed reduced locomotion complexity during this period. While the exact mechanisms remain unknown, allostatic load may help to explain the variation in locomotion complexity observed at each stage of the reproductive cycle of Japanese macaques in this study.
Social status can also mediate allostasis among individual animals, but whether dominant or subordinate individuals incur greater stress levels depends on which group is subjected to the greatest number of physical or psychological stressors [36] . We found that both foraging and locomotion sequences were generally more complex among high-ranking individuals. Whether this reflects a greater allostatic load among low-ranking individuals or other constraints on complexity cannot currently be determined. However, low-ranking male Japanese macaques have been shown to have lower levels of stress hormones than high-ranking males during the mating season [54] . Male hierarchies are less stable than those of females in this species [55] , and competition may be more stressful among high-ranking individuals. This may partly explain the interaction between sex and rank concerning locomotion sequences in this study, in which only female complexity was positively correlated with rank. Low-ranking males tended to occupy the group's periphery, where they can move freely and avoid stressful interactions with dominant individuals. While our models did not detect a similar interaction between sex and rank in foraging sequences, there does not appear to be a difference in the foraging sequences of high-and low-ranking males. As for females, because their social status is inherited and highly stable across time [55] , the relationship between rank and complexity appears to be causal, ruling out the possibility that other traits affecting individual quality could have caused this result.
Variation in complexity in male and female behaviour differed in other ways as well. Male behaviour did not appear to change with impairment, while complexity in the target behaviour dropped significantly among females. The same pattern was also observed in sequences of social behaviour among clinically impaired chimpanzees [17] . Males may be more robust to the effects of impaired health on patterns of behaviour, but males of both species also performed less complex behaviour sequences in general, perhaps muting the relationship between health and complexity observed among females. This last point raises an issue worth further consideration. Theory predicts a close relationship between females and the resources on which they depend, since their fitness is most dependent on their ability to secure enough energy to fuel expensive reproductive efforts (e.g. [56] ). We might therefore expect females to have evolved more efficient patterns of search, which may manifest in greater levels of foraging and locomotion complexity [12, 18] .
Indeed, our analyses of exogenous factors do suggest that variation in ecological conditions, such as resource distribution, can significantly impact the behavioural patterns of Japanese macaques; behavioural complexity tended to increase with environmental complexity. For example, rain was associated with increased complexity in both behaviours, perhaps because the task of locating food is more difficult under low visibility, or because wet substrata hinder movement. Substrata did influence complexity, such that locomotion sequences were more complex in the trees and foraging sequences were more complex on the ground. These latter results can be explained by the different external constraints limiting the performance of our target behaviours. For example, arboreal microhabitats are highly discontinuous relative to terrestrial microhabitats, with the extra dimension of verticality. Each may induce more frequent and less predictable cycles of intermittent locomotion [38] . Foraging sequences, in contrast, relate directly to the distribution of the resource being consumed. Although the fruits or seeds and leaves eaten by macaques in the forest canopy tend to be concentrated within patches, the patches themselves tend to be large so that, once encountered, the need for further exploration is reduced. Conversely, individuals foraged with greater complexity on invertebrates (mainly terrestrial), which may be ubiquitous but are also cryptic, requiring more exploratory, and thus complex, patterns of search.
Studies on the foraging behaviour of fruitflies [57] and Japanese quail [23] suggest that animals in novel environments or when otherwise motivated to explore display increased complexity in their behaviour patterns. Foraging sequences, and perhaps locomotion sequences, are indicative of food encounters, so complexity may increase an animal's success rate [12, 18] , particularly when facing unpredictable environmental conditions. That Drosophila foraging complexity decreased with increasing exposure to a novel environment suggests that individuals can adapt to best exploit the resources therein [57] . Primates and other animals typically forage in a non-random manner indicative of some degree of spatial representation of resources within their natural environments (e.g. [58] ), which may buffer the need for more complex patterns of search under certain foraging conditions. However, in unpredictable or resource-poor environments, or when memory-based search is insufficient, recent advances in animal movement theory predict the emergence of fractal behaviour patterns (i.e. Levy walks [38, 39] ). Although not our focus here, our results do relate to such studies because we show that fractal-like patterns in animal search (foraging, locomotion) clearly vary within and between individuals, as well as across various ecological contexts (landscape level).
In conclusion, this study supported the prediction that pathological or otherwise physiologically challenged states are associated with reductions in the sequential complexity of locomotion, and to a lesser extent foraging, behaviour. If the relationship between infection with the parasitic nematode O. aculeatum and complexity loss is a causal one, even through synergism with factors such as age and/or other stressors, this may reflect an important fitness cost to parasitized individuals. That behavioural complexity appeared to match environmental complexity suggests that the ability to perform complex sequences of behaviour under heterogeneous or unpredictable conditions is an important adaptation for survival. Pathological periodicity in behaviour, resulting from any number of causes, may thus reduce the efficiency with which an animal is able to cope with heterogeneity in its natural environment [17, 18] . Increases in the allostatic load of animals in the wild, such as through anthropogenic changes of natural habitats and the resultant changes in, for example, parasitic states, can thus have consequences for the ways in which they interact with their natural environments, even when such consequences are difficult to identify. Fractal analysis of behaviour may thus provide a tool and a theoretical framework with which to better understand such complex relationships. We hope that our work stimulates future studies examining variation in scaling exponents in animal behaviour, particularly regarding the underlying mechanisms capable of producing such emergent phenomena, which remain largely unexplored.
